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Canada’s Arctic and sub-arctic consist 46% of Canada’s landmass and contain 45% of the
total soil organic carbon (SOC). Pronounced climate warming and increasing human distur-
bances could induce the release of this SOC to the atmosphere as greenhouse gases. Can-
ada is committed to estimating and reporting the greenhouse gases emissions and
removals induced by land use change in the Arctic and sub-arctic. To assess the uncer-
tainty of the estimate, we compiled a site-measured SOC database for Canada’s north,
and used it to compare with a polygon database, that will be used for estimating SOC for
the UNFCCC reporting. In 10 polygons where 3 or more measured sites were well located
in each polygon, the site-averaged SOC content agreed with the polygon data within
±33% for the top 30 cm and within ±50% for the top 1 m soil. If we directly compared the
SOC of the 382 measured sites with the polygon mean SOC, there was poor agreement:
The relative error was less than 50% at 40% of the sites, and less than 100% at 68% of the
sites. The relative errors were more than 400% at 10% of the sites. These comparisons indi-
cate that the polygon database is too coarse to represent the SOC conditions for individual
sites. The difference is close to the uncertainty range for reporting. The spatial database
could be improved by relating site and polygon SOC data with more easily observable sur-
face features that can be identified and derived from remote sensing imagery.
 2014 China Agricultural University. Production and hosting by Elsevier B.V. All rights
reserved.1. Introduction
Canada’s Arctic and sub-arctic (Canada’s north) consist 46% of
Canada’s landmass [3,4]. Although the growing season is
short and the net primary productivity is very low, their soils
contain 45% of the total soil organic carbon (SOC) in Canada
[12]. The accumulation and dynamics of this huge soil carbon
(C) stock are mainly controlled by the interrelated conditions
of cold temperature, permafrost, water logging, and substrate
quality [15,2,10]. Air temperature at most of the northern high
latitudes has increased at a higher rate than the global mean
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models (GCMs) project that this trend will continue in the
21st century [9]. Climate warming will induce permafrost
degradation, which could greatly influence hydrology and
vegetation. All these changes could induce release of SOC to
the atmosphere as CO2 or CH4, further enhancing global
climate change [1,8,14].
Understanding the spatial distribution of SOC is essential
for estimating SOC stock and its dynamics due to climate
change. With the increasing pressure of population and
natural resources, human induced disturbances in Arctic
and sub-arctic have been accelerated. Canada ratified the
UNFCCC in 1992, and the UNFCCC requires Annex I Parties
to report their national greenhouse gas (GHG) inventories of
anthropogenic emissions/removals annually, and this report-
ing system would be very important for the Kyoto Protocol,
which Canada ratified in 2002. The UNFCCC requires that
the national reports on GHG inventories be complete, which
means that national inventories should cover all the GHGs,
all the sources and sinks, and with full geographic coverage
[15]. Because of the large area and the huge SOC storage in
Arctic and sub-arctic and the increasing human disturbances,
Canada is committed to include Arctic and sub-arctic in the
UNFCCC reporting [15]. There are relatively few field measure-
ments in this region. To deal with this issue, we proposed to
use remote sensing imagery to identify changes in land use,
and to mapping land cover types and aboveground biomass.
Changes in SOC will be estimated based on the SOC digital
polygon database covering the whole Canada’s landmass
[13]. The UNFCCC also requires uncertainty analysis for the
reporting [5], which is important for identifying knowledge
gaps and improvement in the future. Therefore, we prepared
a database of compiled field-measured SOC in Canada Arctic
and sub-arctic, and used it to assess the uncertainties of SOC
mapped in the polygon database.
2. Data and methods
2.1. The SOC polygon database
A SOC digital database developed by [13] covering all the land-
mass of Canada (abbreviated as the P-database). It consists
more than 15,000 polygons (except small islands, the smallest
polygons are 100 km2 or 1 cm · 1 cm on a 1:1 million scale
map). Each polygon consists up to 10 components (with area
percentage but no location boundaries), and each componentTable 1 – The number of polygons, components and layers of th
measured for the whole Canada and Canada’s north (higher tha
Attributes Comp
withi
Total polygons 15,53
Total components 35,58
Total layers 57,65
Layers with measured thickness 23,88
Layers with measured bulk density 566
Layers with measured SOC content 19,76
Layers with all the above three elements measured 199(thickness, thickness, bulk density, SOC) includes a maximum
of 3 soil layers (Table 1). The attributes of a component
include area percentage in the polygon such as: kind of mate-
rial, vegetation type, parent material mode of deposition,
fraction of coarse fragments, root depth, drainage class, soil
development, calcareousness, local land form, slope, total
SOC content and surface SOC. For each layer, the attributes
include layer designation, thickness, soil texture, bulk density
and SOC concentration. For most of the southern regions in
Canada, the polygon SOC database was developed from exist-
ing soil survey maps and reports. For most of the northern
regions, the database was developed by manually interpreting
1:1 million scale high quality, black-white LANDSAT mosaics
and by adding panchromatic photographs, color LANDSAT
imagers, and other related information. There are 3428 poly-
gons for Canada’s north (above 60oN latitude) with an average
size of 880 km2. Soil OC related attributes were estimated
from available field measurements. When field measurement
were not available, SOC was estimated based on typical ped-
ons in a region, which were developed using detailed field
measurements data [13,7]. For Canada’s north, the database
indicated that more than 85% of the layers were estimated
from measurements (Table 1), but there is no evidence to
show what kind of measurements and how they were used
for estimating the average of a component in a polygon. There
are relatively small numbers of measurements for bulk den-
sity, and the fractions of coarse fragment were estimated
using four categories (<10%, 10–30%, 30–65% and >65%). The
SOC content of a layer is estimated by [4] as
SOC ¼ 0:1D  BD  OC  ð1  FCÞ ð1Þ
where SOC is content of a layer (kg C m2), D is the thickness
of a layer (cm), BD is the bulk density of the layer (g m3), OC
is the SOC concentration in the layer (%), and FC is the
fraction of coarse fragment (rock fragments with a size of
0.2–60 cm or more) in the layer (0–1).
2.2. The field measured SOC database
A field measured SOC database for Canada’s north (abbrevi-
ated as the S-database) has been prepared by compiling
published soil survey reports and scientific papers [4].
Twenty-four references were found and most of the measure-
ments were conducted from the late 1960s to the early 1980s.
The measured soil profile data were organized using Micro-
soft Excel. The database includes location name, latitudee polygon database (Tarnocai and Lacelle, 1996) the layers
n 60N latitudes).
onents contained
n Canada
Components contained
within Canada’s north
6 3428
9 8823
8 11,350
9 41.4% 10,172 89.6%
2 9.8% 511 4.5%
1 34.3% 9708 85.5%
8 3.5% 506 4.5%
36 I n f o r m a t i o n P r o c e s s i n g i n A g r i c u l t u r e 1 ( 2 0 1 4 ) 3 4 –4 1and longitude of the sites, soil classification, layers at a site,
layer thickness, horizon designation, organic carbon or
organic matter concentration, bulk density, data source of
the site. The database consists of 382 profiles and 1376
horizons. Fig. 1 shows the spatial distribution of the measure-
ment sites. Most of the measurements were in northwestern
Canada, and there were few measurements in central and
eastern Canada. Because the measurements were conducted
by different agencies for different purposes, the measured
layers, the depth, and the thickness of the layers were differ-
ent: 49% of the sites have 4 or more layers, 59% of the sites
reached the depth of 0.5 m and only 17% of the sites reached
the depth of 1 m. The thickness of the layers generally
increased with depth, but great variation existed (Fig. 2). Bulk
density was measured at 64 sites for 246 layers (horizons),
and organic matter concentration (instead of SOC concentra-
tion) were given at 97 sites for 254 layers.2.3. Uncertainty assessment methods
We used two methods to assess the uncertainty of the P-data-
base using the S-database. First, we selected 10 polygons from
the P-database in which 3 or more measurement sites were
well located (Table 2), so that we can use the average of the
site-measurements in a polygon as an estimate of the poly-
gon to compare with the polygon data. Since the polygon data
do not provide the boundaries for the components in a
polygon, we averaged the SOC of all the soil components in
a polygon (assuming their area fractions were the same) to
represent the polygon average. The P-database indicates that
most of the layer thickness and percentage of SOC content of
these 10 polygons were measured (22 of the 24 first layers, 3 of
9 s layers, and 5 of the 25 third layers were measured), but
there were no documents to show what kind of fieldFig. 1 – The spatial distribution of the mmeasurements were used. Some polygon data and site-mea-
surements were shallower than 1 m. We extended the depth
to 1 m assuming the SOC content and bulk density were the
same as the deepest available layer. The SOC for the top
30 cm and the top 1 m were calculated based on the same
equation as used by [13]. For the site measurements, we did
not consider the fraction of coarse fragment because there
was no indication of it in their original reports and
documents.
Secondly, we used all the site-measured SOC to compare
with the polygon SOC in the top 30 cm soil. We did not com-
pare the total SOC in the whole profile or in 1 m because the
depth of the soil profile differ greatly among measured sites
and components of polygons.
We converted the soil organic matter concentration into
SOC concentration by dividing a factor of 1.724 [6]. Soil bulk
density was measured at only a small fraction of the sites
in the S-database. If there was no measurement, we esti-
mated soil bulk density based on its organic content [2].
BD ¼ 0:075 þ 1:301 expð0:06LOIÞ ðfor mineral soilsÞ ð2Þ
BD ¼ 0:043Xþ 4:258 expð0:047LOIÞ ðfor peatÞ ð3Þ
where BD is the estimated soil bulk density (g cm3), LOI is
loss of ignition in percentage of organic matter content. X is
a dummy variable with a value of 0 for surface peat (0–
25 cm depth) and 1 for subsurface peat (deeper than 25 cm).
3. Results and analysis
3.1. The polygon data vs. site measurements in the
polygons
Fig. 3 shows comparisons of SOC profiles between the site-
measured and the P-database in each of the 10 polygons.easurement sites in Canada’s north.
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Fig. 2 – The distribution of observation years, layers, depth, and thickness of the measurements in the field measured SOC
database for Canada’s north.
Table 2 – The location and size of the polygons and the number of field measurements in each of them.
Soil landscape number Central location of the polygon Area (km2) No. of components
in the polygon
No. of measurement
sites in the polygonLatitude (N) Longitude (W)
600,164 64.50 139.79 1642 1 6
600,127 63.68 137.76 1840 2 5
600,128 63.93 136.78 5891 2 9
600,063 60.71 137.41 2126 3 13
600,049 60.58 134.97 1135 2 8
620,041 60.60 116.84 1938 3 7
620,032 61.06 113.51 497 3 6
620,040 61.03 117.36 1282 7 5
610,069 61.89 121.32 100 3 4
660,141 73.35 95.38 1244 3 3
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database shows that the soil has an organic layer on top
and very small amount of SOC in deeper layers, but all
the 6 measured sites in this polygon shows similar SOC
content in the profile and no surface organic layer. For poly-
gon 610069, the P-database contains a component of deep
peat soils, but all the 4 measured-sites do not have deep
peat soils. For the other 8 polygons, the ranges of the
site-measurements and the components are comparable.
This result demonstrates the heterogeneity of SOC in a
polygon.
Fig. 4 shows comparisons between site-measured and
polygon SOC content in the top 30 cm and in the top 1 m
depths for the 10 polygons. Although both the components
of the polygon data and the site-measurements show a wide
range in SOC, the polygon averages for the top 30 cm layer are
very close, with a difference generally within the range of
±33% (one-third). For the top 1 m soil layer, the agreement is
poorer between the polygon data and the site data (difference
is in the range of ±50%). One reason for this increased errormay be because we extended the soil profile to 1 m artificially,
since some site-measurements and some components in
polygons were shallower than 1 m.
3.2. The polygon data vs. all the site-measurements
Although components provide more detailed information
about soil variation within a polygon, we do not have the loca-
tion information of the components. Therefore, a simple way
to estimate the SOC at a site is using the average SOC of the
polygon in which the site is located. Fig. 5 shows a compari-
son between the site-measured and polygon SOC in the top
30 cm depth. The agreement is very poor. The relative error
(assuming the site-measurements are correct) is less than
50% at 40% of the sites, and is less than 100% in 68% of the
sites. The relative errors are more than 400% at 10% of the
sites. High relative error usually corresponds to low SOC con-
ditions at measurement sites. This comparison shows that
the polygon database is too coarse to represent the SOC con-
ditions for individual sites. Although the polygon database
0 
40 
80 
0 10 20 30 40 50 60 
Polygon 610069
0 
40 
80 
0 10 20 30 40 50 60 
Polygon 660141
0 
40 
80 
0 10 20 30 40 50 60 
Polygon 600032
0 
40 
80 
0 10 20 30 40 50 60 
Polygon 620040
0 
40 
80 
0 10 20 30 40 50 60 
Polygon 600049
0 
40 
80 
0 10 20 30 40 50 60 
Polygon 600041
0 
40 
80 
0 10 20 30 40 50 60 
Polygon 600128
0 
40 
80 
0 10 20 30 40 50 60 
Polygon 600063
0 
40 
80 
0 10 20 30 40 50 60 
Polygon 600164
0 
40 
80 
0 10 20 30 40 50 60 
Polygon 600127
D
ep
th
 (c
m
)
D
ep
th
 (c
m
)
D
ep
th
 (c
m
)
D
ep
th
 (c
m
)
D
ep
th
 (c
m
)
SOC concentration (%) SOC concentration (%)
Fig. 3 – Comparisons of SOC profiles between the site-measured (bold grey lines) and the components (black lines) in 10
polygons.
38 I n f o r m a t i o n P r o c e s s i n g i n A g r i c u l t u r e 1 ( 2 0 1 4 ) 3 4 –4 1included more detailed component information, the lack of
their spatial distribution limited its spatial explicit applica-
tion (Fig. 6).
The size of the polygons in the P-database is usually
much larger than the area with land use change, which is
mainly attributed to mining and road construction. If we
use polygon-average SOC to represent the SOC in disturbed
areas, its uncertainty would be similar to the difference in
the above comparison. The uncertainty is mainly due to
the uncertainty of the locations of the components in a
polygon rather than the accuracy of the SOC of the compo-
nents. For a relatively large areas (e.g., similar to the size of
the polygon in which it locates), its total SOC estimated
based on the P-database would be more accurate (with less
effects of the uncertainties of the locations of the compo-
nents in the polygon).4. Discussion
The first comparison between the polygon data and the site
measurements in the polygons was a way to provide some
confidence about the polygon database rather than a strict
validation, because the average of the site-measurements
was only an approximation of the polygon average [4,11].
The second comparison was an estimation of the uncertainty
using the P-database to estimate SOC at a site, rather than an
assessment of the uncertainty of the P-database itself. The
polygon database could be accurate for the polygon total
and the average, but it may not give an accurate estimate of
a site in the polygon due to the lack of spatial information
about its components [12,13].
We can measure soil profiles SOC content accurately for
individual sites, but the spatial distribution of SOC is essential
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atmosphere from a region. Development of a spatial SOC
database always needs to classify the land into parcels (poly-
gons or grids) and to estimate the average SOC for each par-
cel. The accuracy of the spatial database depends on the
degree of the homogeneity of the parcels and the accuracy
of the SOC profile [8]. Therefore, two aspects need to be con-
sidered to improve the P-database for the UNFCCC report and
other related studies: improvement of its spatial resolution to
enhance the homogeneity of the soil, and to improvement of
the accuracy of estimating the SOC profiles of the soil. The
polygons of the original P-database were delineated based
on LANDSAT data received and processed in the 1970s. With
the advances in spatial, temporal and spectral resolutions inremote sensing and in computing technology in recent dec-
ades, we may have a great potential to improve it, especially
in spatial resolution and landform identification [10,11].
We cannot expect using site measurements to get the
average SOC for each polygon, especially when the spatial
resolution is increased significantly. Developing a model sim-
ilar to that as used for the current P-database would be a real-
istic approach, and more detailed remote sensing and field
measurement data would improve its accuracy [11]. Accord-
ing to the current P-database, SOC is mainly determined by
drainage conditions, and closely associated with slope, local
land forms, and vegetation types [4]. Therefore, we may use
this valuable information to relate SOC content with more
easily observable surface features that can be identified or
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definitions are from the SOC digital database of Canada [13].
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elevation model, land cover maps and vegetation data), along
with field measurements and other related datasets (i.e., cli-
mate data, hydrology, geological maps, current spatial SOC
database, and site measurements).
5. Conclusion
This study compiled a site-measured SOC database for Can-
ada’s Arctic and sub-arctic, and used it to compare with a
polygon database. In 10 polygons where 3 or more measure-
ment sites are well located in each polygon, the site-averaged
SOC content agrees with the polygon data within ±33% for the
top 30 cm soil and within ±50% for the top 1 m soil. If we
directly compare the SOC of the 382 site in the S-database
with the polygon mean SOC in the P-database, the agreement
is poor. The relative error is less than 50% at 40% of the sites,
and is less than 100% at 68% of the sites. The relative errors
are more than 400% at 10% of the sites. This comparison
shows that the polygon database is too coarse to represent
the SOC conditions for individual sites. This would be similar
to the uncertainty range (10% to 90%) we will get for the
UNFCCC reporting [16].
The polygon database includes more detailed component
information. However, the lack of exact spatial location limits
of its applications in a fully spatially explicit way. The useful-
ness of this information could be improved if the SOC couldbe related to the surface features that can be identified and
derived from remote sensing imagery.
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